Abstract. Eight-week-old BALB/c mice were either sham inoculated (control mice) or were inoculated intraperitoneally (IP) and intranasally (IN) with a single (sPCV mice) or multiple (mPCV mice) doses of porcine circovirus 2 (PCV2). Four control mice and 4 sPCV mice were sacrificed 7, 14, 28, and 42 days postinoculation (PI). All 4 mPCV mice were sacrificed 42 days PI. In addition, 7-day and 14-day pregnant BALB/c mice were either sham inoculated (control mice) or were inoculated IP and IN with a single dose of PCV2. Newborn mice were euthanatized 1, 8, and 15 days after birth. Necropsies were performed on all euthanatized mice and tissues were collected for histopathology, electron microscopy, in situ hybridization, and polymerase chain reaction (PCR). PCV2 replicated in 8-week-old BALB/c mice that were inoculated with PCV2 and caused fetal infection when inoculated into pregnant BALB/c mice at 7 days and 14 days of gestation. PCV was detected by in situ hybridization and PCR in sPCV mice on days 7, 14, 28, and 42 PI; in mPCV mice on day 42 PI; and in newborn mice from mothers inoculated with PCV at 7 days and 14 days of gestation at 1, 8, and 15 days after birth, but not in control mice. No clinical signs or gross lesions were found in sPCV or mPCV mice during the study. Microscopic lesions in sPCV mice and mPCV mice were characterized by expansion of germinal centers in lymphoid organs with large numbers of histiocytic cells and lymphoblasts, apoptosis of histiocytic cells in germinal centers, and mild lymphoid depletion of the paracortex. PCV nucleic acid was detected in the nuclei and cytoplasm of histiocytes and apoptotic cells in germinal centers in lymphoid tissues as well as in the nuclei of hepatocytes in the liver, in the nuclei of renal tubular epithelial cells, and in the cytoplasm of single lymphocytes in the thymus. Congenitally infected mice only had PCV nucleic acid detected in putative Kupffer cells in livers.
Porcine circovirus (PCV) was first isolated as a noncytopathic contaminant of a porcine kidney cell line (PK-15) 31 and has been characterized as a small icosahedral DNA virus. 29 The viral genome has been sequenced 18 and the virion has been characterized ultrastructurally. 27 Inoculation studies in pigs using PK-15-derived PCV did not result in clinical disease. 2, 30 Field isolates of PCV have been associated with congenital tremors (CT) type A2 8, 11, 12 and a recently described postweaning multisystemic wasting syndrome (PMWS) in pigs. 1, [3] [4] [5] [6] CT type A2, the most common form of CT in North America, are associated with myelin deficiency and affected newborn pigs exhibit clonic contractions of skeletal muscles of varying severity that usually diminish and resolve by 4 weeks of age but that may continue until slaughter age.
MWS has been diagnosed with increasing frequency in the USA, Canada, and Europe. 3, 6, 10, 15, 16, 21, 25 The syndrome is characterized by progressive weight loss, dyspnea, tachypnea, and icterus in postweaned pigs of approximately 8-12 weeks of age. 4 Gross lesions in pigs with PMWS consist of generalized lymphadenopathy in combination with interstitial pneumonia, hepatitis, renomegaly, splenomegaly, gastric ulcers, and intestinal wall edema. 4, 10 The most distinct microscopic lesions in affected pigs are lymphoid cell depletion and granulomatous inflammation in lymphoid organs with inconsistently occurring clusters of intensely basophilic intracytoplasmic inclusion bodies in macrophages. 4, 6, 10, 15 PCV nucleic acid and circoviral antigen have been demonstrated within lesions in multiple organs of naturally diseased pigs with PMWS, and the characteristic intracytoplasmic inclusions in macrophages of pigs with PMWS consist of circoviral particles. 3, 6, 14, 20, 23 Recently clinical disease and severe lesions compatible with those of PMWS have been reproduced in gnotobiotic pigs experimentally inoculated with PCV isolated from a pig with naturally occurring PMWS. 13 Wasting disease has been reproduced in caesarian-derived and colostrum-deprived pigs infected dually with PCV and porcine parvovirus (PPV), 1 and in gnotobiotic pigs inoculated with a cell-free filtered tissue homogenate containing only PCV and porcine reproductive and respiratory syndrome virus (PRRSV). 13 Isolates of PMWS-associated PCV are genetically and antigenically different from the PK-15 cell PCV. 3, 9, 18, 21 Isolates of PCV that are genetically like PK-15 cell PCV are referred to as PK-15 PCV 9 or PCV1 18 and those like the first-characterized PMWS isolates are referred to as PMWS PCV 9 or PCV2. 18 Although PMWS has been associated with infection by PCV2, but not PCV1, whether CT type A2 is caused by PCV2 or PCV1 or both is uncertain.
Inoculation of pregnant sows in the last third of gestation with a purified virus morphologically identical to PCV reproduced CT. 8, 11 The virus was confirmed as PCV by indirect immunologic methods; however, the genetic type of this virus is not known. Recently, PCV2 has been detected in large numbers of neurons in the brain and spinal cord of pigs with CT. 26 Whether these neuron-associated isolates of PCV2 can cause CT when inoculated into susceptible pregnant swine is uncertain.
Antibodies that react with PCV1 were found in sera of febrile human patients and mice in Germany by means of indirect immunofluorescence assay and an enzyme-linked immunosorbent assay (ELISA). 28 Double-staining indirect immunofluorescence assays, immunoelectronmicroscopy, and immunoblotting demonstrated that nonporcine antibodies reacted with PCV1 structural antigen in that study. 28 Because of lower maximal optical densities (ODs) obtained at equal titers in ELISA with nonporcine than with porcine sera, antibodies in human patients and mice were suggested possibly to be caused by different speciesspecific viruses that share antigenic epitopes with PCV1. 28 To date, circoviruses identical or similar to PCV have not been detected in humans or mice. Whether PCV can infect humans, mice, or other mammalian species is not known.
The aim of this study was to develop a BALB/c mouse model for PMWS to evaluate for viral replication and associated lesions. The following hypotheses were investigated: that PCV2 replicates in mice, that PCV2 causes lesions in mice that are similar to lesions of PMWS in pigs, that PCV2 crosses the placenta in mice and causes fetal infection, and that PCV2 causes CT in newborn mice after intrauterine infection.
Materials and Methods

Source of PCV isolate
The PCV inoculum was prepared from an isolate of PCV2 (PMWS-PCV-4) that was obtained from the lymph nodes and lung from an 8-week-old pig with PMWS. 15 The PCV isolate was characterized genetically as PCV2 by polymerase chain reaction (PCR) using primers designed to detect either PCV1 18 or PCV2. 9 
Preparation of PCV2 inoculum
Porcine fetal kidney cells (PFKC) were grown as monolayer cultures using Eagle's minimum essential medium (MEM, Life Technologies, Inc., Grand Island, NY) supplemented with 10% fetal bovine serum (HyClone Laboratories, Inc., Logan, UT) and 50 g/ml gentamicin. PFKC cells tested negative by PCR for PCV1, PCV2, and PPV and did not develop cytopathic effect before inoculation. No contaminating viruses were identified by transmission electron microscopy. Sections of lymph node and lung from pig PMWS-PCV-4 were homogenized (1 g of tissue was suspended in 5 ml of MEM). The homogenate was sonicated and then centrifuged at 2,450 ϫ g at 4 C for 10 minutes, and the supernatant blindly passaged in PFKC three times before use as inoculum for virus stock preparation. Virus-infected cells were harvested using a cell scraper. In order to release PCV from infected cells, the cells were frozen and thawed three times, sonicated, and then centrifuged at 2,700 ϫ g at 4 C for 10 minutes. The supernatant was collected and further centrifuged at 255,500 ϫ g at 4 C for 2 hours using Beckman SW40 rotor (Palo Alto, CA). The pellet was resuspended in MEM in 1/100 of the starting volume by sonication followed by filtration through a 0.2-m syringe filter. Aliquots of virus-infected cell extracts used for the inoculum were positive for PCV2 and negative for PPV by PCR. Only PCV particles were identified by transmission electron microscopy in the inoculum. Results of indirect fluorescent antibody tests (IFAs) against pseudorabies virus, porcine rotavirus, swine influenza virus, porcine hemagglutinating encephalomyelitis virus, PPV, or porcine transmissible gastroenteritis virus were negative (data not shown).
Titration of PCV2 inoculum by ELISA
The PCV2 inoculum was titrated by ELISA following a previously described protocol. 19 Briefly, 96-well microtiter plates (Becton Dickinson & Co., Franklin Lakes, NJ) were coated with a serially diluted virus preparation at 4 C overnight. After blocking with 1% bovine serum albumin in phosphate-buffered saline (PBS), 100 l of 1 : 10,000 diluted anti-PCV2 rabbit serum 19 was added into each well and the plate was incubated at 37 C for 2 hours. Subsequently, 100 l of 1 : 5,000 diluted horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G (IgG) (BioRad Laboratories, Hercules, CA) was added into each well as a secondary antibody. The color was developed with O-phenylenediamine substrate. The OD of each well was measured at a dual wavelength of 490 nm and 650 nm using a microplate reader (Molecular Devices, Inc., Sunnyvale, CA). The serum dilution showing an OD reading of at least the mean OD ϩ 2 SD of a negative control was taken as the ELISA virus titer. The PCV2 inoculum titrated by this method had an ELISA virus titer of 1,600.
Animals and husbandry
All BALB/c mice used in this study were purchased from a specific-pathogen-free (SPF) colony (Harlan SpragueDawley, Indianapolis, IN). SPF status was verified by serology, bacteriology, parasitology, histopathology, and genetic testing through the supplier and no pathogens were detected (a list of agents the mice were tested for is available through the national customer service center of Harlan SpragueDawley). Mice were maintained in isolation rooms in filtertop cages and any handling and husbandry procedures were performed under a laminar flow hood. Care-taking personnel entered the rooms in a specific order to avoid contamination and had to wear different protective clothing in each room. The light cycle in the rooms was 12 hours daily, the room temperature was at 72 Ϯ 2 F (22 Ϯ 1.1 C) and the rooms had humidity in the range of 40-70%. All mice were fed autoclaved Mouse Chow 5010 (Purina Mills, Inc., St. Louis, MO) and autoclaved water; autoclaved CareFRESH (Absorption Corp., Bellingham, WA) was used as bedding. This study met the standards of the Guide for the Care and Use of Laboratory Animals and the study protocol was approved by the Purdue Animal Care and Use Committee (PACUC 98-112).
Experimental design
Forty 8-week-old BALB/c mice were randomly allocated four per filter-top cage into two treatment groups of 16 and 20 mice each and groups were housed in separate isolation rooms. The remaining four mice were euthanatized as day 0 controls. Mice in the group of 16 were sham-inoculated on day 0 with sterile cell culture medium, 0.2 ml intraperitoneally (IP) and 0.02 ml intranasally (IN), and served as negative control (cPCV) mice. Mice in the group of 20 were inoculated in the same manner on day 0 with PCV2 viral inoculum and 16 served as single-inoculated (sPCV) mice. The remaining four mice were similarly inoculated five more times on days 7, 14, 21, 28, and 35 and served as multipleinoculated (mPCV) mice. Multiple inoculations were performed to investigate the hypothesis that multiple inoculations would increase the number of macrophages susceptible to infection and therefore render the animals susceptible to more severe disease. Four cPCV mice and four sPCV mice were euthanatized 7, 14, 28, and 42 days postinoculation (PI) and all four mPCV mice were sacrificed on day 42 PI.
Fifteen 7-days-pregnant and 12 14-days-pregnant inbred BALB/c mice were placed singly in filter-top cages and randomly allocated into two treatment groups that were placed in separate isolation rooms. Mice in one group, composed of 5 7-day-pregnant and 5 14-day-pregnant mice, were sham-inoculated on day 0 with tissue culture fluid administered as 0.2 ml IP and 0.02 ml IN. Mice in the other group, composed of 10 7-day-pregnant and 7 14-day-pregnant mice, were inoculated in like manner on day 0 with PCV2 viral inoculum. Only one each of the sham-inoculated 7-day-pregnant and 14-day-pregnant mice as well as one each of the PCV-inoculated 7-day-pregnant and 14-day-pregnant mice delivered litters. Three mice from each litter were euthanatized 1, 8, and 15 days after birth.
Necropsy procedure
All mice were euthanatized by anesthetic overdose (90 mg/kg ketamine and 10 mg/kg xylazine) followed by exsanguination by axillary bleeding.
A complete postmortem examination was performed. Samples of spleen were fixed in glutaraldehyde for electron microscopic examination. All detectable lymph nodes, ileum, lung, liver, kidney, stomach, jejunum, cecum, colon, pancreas, heart, skin, brain (cerebellum, cerebrum, brainstem), and tongue were fixed in 10% neutral buffered formalin. These tissues were processed by routine methods and stained with hematoxylin and eosin (HE) for histopathologic examination. Serial sections were stained by in situ hybridization for PCV nucleic acid. Samples of spleen and liver were collected and stored at Ϫ80 C for PCR testing for PCV and PPV. In addition, samples of spleen, liver, kidney, and brain were collected and stored frozen at Ϫ80 C for further investigations.
In situ hybridization
In situ hybridization for demonstration of PCV nucleic acid by using a PCV-specific oligoprobe was performed as previously described. 23 Briefly, a specific oligonucleotide was 3Ј-end-labeled with digoxigenin (Boehringer Mannheim Biochemica, Indianapolis, IN). After deparaffinization, proteolytic digestion with 0.25% pepsin and prehybridization was done. Hybridization was performed for 5 minutes at 105 C and 60 minutes at 37 C with a probe concentration of 5 l/1 ml using a microprobe workstation (Fischer Scientific, Pittsburgh, PA). The detection system consisted of the antidigoxigenin antibody conjugated with alkaline phosphatase (dilution 1 : 500) and the substrates nitro-blue tetrazolium/5-bromo-4-chloro-3-indolylphosphate (NBT/X-Phos, Boehringer Mannheim Biochemica, Indianapolis, IN). Controls included lymphoid tissue from PCV-infected pigs and sections of spleen and liver from PCV-negative pigs and mice.
Polymerase chain reaction
Samples of spleen and liver from each mouse were pooled and homogenized in equal volumes of 10 mM Tris-HCl plus 1 mM ethylenediaminetetraacetic acid (pH 7.5) using a tissumizer. Total cellular DNA was extracted using a standard protocol. 24 A set of PCV2-specific primers (5ЈACGCTGAA-TAATCCTTCC3Ј, 5ЈCCAACAAAATCTCTATACCC3Ј) were used to amplify PCV sequences by PCR using Vent DNA polymerase (New England Biolab, Inc., Beverly, MA). PCR conditions consisted of an annealing temperature of 56 C for 1 minute, an extension temperature of 74 C for 2 minutes, and a melting temperature of 95 C for detection of PPV; one set of specific primers (5ЈGCAGTACCAATT-CATCTTCT3Ј, 5ЈTGGTCTCCTTCTGTGGTAGG3Ј) was designed as previously described. 13 PCR-amplified DNA samples were analyzed on 1% agarose gel by electrophoresis and the bands of the expected size were visualized by an ultraviolet (UV) transilluminator. 
Transmission electron microscopy
Samples of spleen from control and inoculated mice were fixed in 4% glutaraldehyde and postfixed by osmium tetroxide. Tissues were embedded in epon and ultrathin sections were cut and stained with lead citrate and uranyl acetate. Sections were examined and photographed using a Jeol JEM-1000CX transmission electron microscope (JEOL USA, Inc., Peabody, MA).
Serology
Serum collected from sPCV and mPCV mice at necropsy was tested for antibodies to PCV by IFA. PCV1-infected PCNS cells, a primary cell line derived from the brain of a PCV1-infected pig with CT, 12 were grown on Teflon-coated dot slides, fixed in acetone for 10 minutes, rinsed with distilled water, and stored at Ϫ20 C. Cells were covered with serum from control and principal mice and incubated for 30 minutes in a humidified chamber at 37 C. After incubation, cells were rinsed in PBS and distilled water and air dried. Slides were incubated with fluorescein isothiocyanate-conjugated rabbit anti-mouse IgG (Sigma Immunochemicals, St. Louis, MO) for 30 minutes at 37 C, then rinsed in PBS and water. Slides were cover-slipped using 50% glycerol in PBS. Fluorescence was detected using an epifluorescent UV illumination microscope. All samples were screened at a dilution of 1 : 8. Those with cells exhibiting typical multifocal perinuclear, nuclear fluorescence, or both for PCV were considered positive for PCV antibodies. Positive serum samples were titrated to determine the level of antibodies.
Results
Validation of control mice
All day 0 control mice and cPCV mice euthanatized on days 7, 14, 28, and 42 PI were negative for PCV by PCR and in situ hybridization and antibodies for PCV were not detected. Sham-inoculated 7-day-pregnant or 14-day-pregnant BALB/c mice and their litters were also negative for PCV by PCR and in situ hybridization. No clinical signs or gross or microscopic lesions were found in day 0 control mice, cPCV mice on days 7, 14, 28, and 42 PI, or newborn mice from sham-inoculated mothers 1, 8, and 15 days after birth. 
sPCV and mPCV mice
No clinical signs or gross lesions were observed in sPCV or mPCV mice at any time during the study. PCV was detected in lymphoid organs, liver, and kidney of sPCV mice on days 7, 14, 28, and 42 PI and of mPCV mice on day 42 PI by in situ hybridization and PCR. Microscopic alterations in sPCV mice were first noticed on day 7 PI, were most prominent on days 14 and 28 PI, and were slightly less severe on day 42 PI. The most severe microscopic alterations were found in mPCV mice 42 days PI. Microscopic lesions were limited to lymphoid organs, affecting mainly bronchial and mesenteric lymph nodes, spleen, Peyer's patches, and thymus and were always associated with intralesional PCV-positive cells (Figs. 1-12 ). The number of PCV-positive cells was proportional to the severity of microscopic alterations, with mPCV mice having the highest number of PCV-positive cells.
In contrast to cPCV mice (Figs. 1, 5 ), sPCV and mPCV mice developed prominent germinal centers that occupied most of the parenchyma in multiple lymph nodes (Figs. 2-4 ), Peyer's patches, and the spleen (Figs. 6-8 ). These enlarged germinal centers consisted of large lymphoblastic cells and histiocytic cells (Figs. 2, 6 ). Large numbers of histiocytic cells in the germinal centers had microscopic changes typical of apoptosis (Figs. 3, 7) . The cytoplasm and less frequently the nuclei of such apoptotic histiocytes were positive for PCV nucleic acid by in situ hybridization (Figs. 4, 8) . The paracortex had mild loss of lymphocytes and was infiltrated by large numbers of histiocytes. In addition to the described alterations, mPCV mice had diffuse depletion of small lymphocytes in the thymus on day 42 PI (Fig. 10) . PCV nucleic acid was also detected in nuclei of hepatocytes (Fig. 11) and renal tubular epithelial cells and in the cytoplasm of single lymphocytes in the thymus (Fig. 12 ) in sPCV mice on days 14 and 28 PI and in mPCV mice 42 days PI.
Infection with PCV and apoptosis of infected macrophages was confirmed with transmission electron microscopy on sections of spleen from sPCV mice 28 days PI. Large numbers of histiocytes in germinal centers had nuclear lysis and margination of chromatin aggregates (Fig. 13 ). Nuclei were often segmented and blebs of nucleolemma contained electron-dense aggregates of chromatin fragments that resembled apoptotic bodies (Fig. 14) . The nuclei of multiple apoptotic histiocytes contained centrally located electron-dense inclusions that consisted of viral particles, approximately 10-12 nm in diameter (Fig. 13) . Few macrophages had small intracytoplasmic viral inclusions that were composed of loosely aggregated icosahedral viruslike particles, 12 Ϯ 2 nm in diameter, consistent with circoviral particles (Fig. 15) . No trilaminar membranes were found surrounding these inclusions.
Newborn mice
No differences were found in newborn mice whether the mothers had been inoculated at 7 or 14 days of gestation. Newborn mice had difficulties righting themselves during the first 3 days of their lives and were less active than their age-matched uninfected controls. No gross or microscopic lesions were found in newborn mice euthanatized 1 and 8 days after birth. Low amounts of PCV nucleic acid were detected in the liver of all newborn mice within the cytoplasm of few putative Kupffer cells 1 and 8 days after birth. No PCV nucleic acid was detected in other organs including the central nervous system. Newborn mice euthanatized 15 days after birth had similar lesions as sPCV inoculated mice 7 days PI and PCV nucleic acid was detected in similar locations as in sPCV mice. 
Discussion
Results of this study demonstrate that PCV2 replicates in BALB/c mice. Replication of PCV2 in BALB/ c mice was confirmed by the increasing amount of PCV nucleic acid in a variety of tissues at sequential study days and detection of intranuclear PCV nucleic acid in macrophages, hepatocytes, and renal tubular epithelial cells. The ability of PCV to infect naïve pigs 1, 2, 7, 13 and to cross the placenta causing fetal infection in pigs 8, 11 was previously demonstrated in experimentally infected pigs. This study demonstrates that infection of mice by PCV2 can also occur either directly or transplacentally.
The observed enlargement of germinal centers by infiltration with large numbers of lymphoblastic and histiocytic cells, apoptosis of histiocytes, and mild lymphocytic depletion in the paracortex in PCV2-inoculated mice in this study resembled early lesions 20 days PI in lymph nodes of PCV2-inoculated gnotobiotic pigs. 13 However, later lesions observed in PCV2-inoculated pigs 35 days PI were not observed in infected mice, including interstitial pneumonia, hepatitis, nephritis, perivasculitis, multinucleated giant cells, and typical circoviral intracytoplasmic inclusion bodies. The lymphoid lesions in germinal centers of infected mice in this study, termed ''complete germinal center structures,'' are nonspecific alterations that develop in mice after experimental exposure to a number of different antigens. 32 Development of complete germinal centers in mice is associated with expression of lymphotoxin-␣ in T helper 1 lymphocytes and B lymphocytes, tumor necrosis factor-␣, or other cytokine-re-ceptor interactions. 17 Evaluation of cytokine profiles in control and infected mice as well as in vitro studies should elucidate the mechanism of PCV-induced lymphoid lesions.
More severe microscopic lesions in mPCV mice than in sPCV mice are most likely the result of a higher viral dose, but could also be due to an increased number of proliferating macrophages, which have been suggested as the target cells of viral infection, after antigenic stimulation. Although PCV-inoculated mice failed to develop the full range of microscopic lesions associated with PCV infection in pigs, this study demonstrated that mice might serve as a potential reservoir or vector for PCV. Furthermore, this mouse model of PCV2 viral replication with hyperplastic and apoptotic germinal centers will allow studies aimed at determining the role of PCV in induction of apoptosis.
Even though PCV2 infected fetal mice transplacentally and resulted in congenital infection, whether PCV2 caused the impaired mobility in newborn mice observed during the first 3 days after birth is unclear and most affected mice were not euthanatized for several days. Of 18 newborn mice that had problems righting themselves, 6 were euthanatized 1 day after birth. The other 12 mice exhibited normal behavior by 3 days after birth. CT in pigs has been reproduced by inoculation of pregnant sows with PCV 8, 11, 12 and is associated with dysmyelinogenesis 22 and PCV infection of neurons in the brain and spinal cord in affected pigs. 26 PCV nucleic acid was demonstrated only in putative hepatic Kupffer cells and not in the brain or spinal cord of congenitally PCV2-infected mice. Lesions were not demonstrated in the brain or spinal cord of affected mice by HE staining. No special stains were applied to sections of spinal cord to evaluate for possible dysmyelinogenesis as described in neonatal pigs with CT. 22 Although transplacental transmission of PCV was confirmed in mice, the small number of newborn control and PCV infected mice makes further conclusions about this part of the study questionable. More work is needed to determine whether congenital PCV infection of mice results in a model of CT or other disease.
Antibodies against PCV or a closely related circovirus have been demonstrated in mice and febrile human patients. 28 The ability of PCV2 to replicate in mice and to cause lesions was confirmed. Whether the circoviral antibodies that were detected in fetal mice were due to PCV1, PCV2 or a closely related speciesspecific circovirus remains unclear. Whether PCV or a closely related circovirus infects humans also remains unknown. PCV2 has been demonstrated to infect cardiomyocytes and to cause myocardial necrosis in experimentally infected pigs. 7, 13 Considering the increasing importance of porcine tissues as xenotransplants, especially mitral valves, the potential of PCV to infect humans should be further investigated.
